This secondary instability has been studied in Fu and Hall (1992a significant exampleis the boundary layer flow overthe two areasof concavecurvatureon the lower side of a modern laminar flow airfoil which is fully three-dimensionalwhen the wing is swept. Obviously,in order to effectively control or delay transition, the role played by a crossflowcomponentin the basic flow should be fully understood.
This paper may be consideredas extending the Hall (1985) and Bassomand Hall (1991) studieson crossfloweffectsin incompressibleflows to hypersonicflows. It is also related to the recent work by Dando (1992) 
The basic state is given by (0, 0(0 ) where A is an arbitrary constant to be fixed by boundary conditions. Hence By the homenergic assumption, the total energy (scaled by cpT_) in the inviscid flow is a constant and so
where the left and right hand sides are the scaled energy evaluated at y = 0 and y = oc, respectively. With the use of (2.20), (2.19) can be written as
If we denote the temperature at the wall by T_, then (2.21) together with _(0) = t_(0) = 0 implies that and so (2.21) becomes
In the special case when the wall is insulated (OT/Oy = 0 at y = 0), it is easy to show with the aid of (2.23) that the wall temperature must necessarily be given by
where Tr is usually referred to as the recovery temperature.
Once we know the expression for T, we can now solve (2.9)-(2.13) by introducing a variable f" by f" = foy pdy (2.25) and expressing _ and 0 in terms of a function ¢(x, f') as
Then the continuity equation (2.9) is satisfied and (2.10), (2.11) become
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Before we could look for similarity solutions for the above equations, we have to eliminate the appearance of _ through 2P on the right hand side of (2.27). This can be achieved by
In terms of X and Y, equations (2.27) and (2.28) can be written as
after (2.15), (2.13), (2.14) and (2.20) have been used. Here
Equations (2.30) and (2.31) are to be solved subject to the following boundary conditions:
The above boundary value problem admits similarity solutions of the form (2.33) 
where the constant/3 and the cooling coefficient n in (2.37) are given by 2m T_
/3 l+m Tr
On substituting (2.34a) into (2.26a), we obtain _ = Ulf'(q) and insertion of this expression and (2.34b) into (2.23) then yields the following expression for 5P: 
----e -1-. 111 order to determine the location and thickness of the temperature adjustment layer at
(r t -w) l+2e N Solving this equation for (77 -w) gives In summary, the basic state under consideration
and has solution given by
where the new variables X, f', Y and 7/are related to (x, y) by
and it can be shown that the function I?_ appearing in (2.47b) is given by
In section 4, we shall need to know the asymptotic expressions for these basic state quantities 
= -T0. 
where the expressionfor B(X) is given in the Appendix. With the use of (4.1) and (4.2), we have
Later we will show that if G' is chosen such that the coefficient of M 2 in the above equation we obtain where
T, ovo
It is convenient to eliminate the first order derivative term from (4.14) by introducing 1) through vq _? -1 7-(Vo. Equation (4.14) then reduces to
where the 'hat' over V has been dropped to simplify notation. Under the transformation _" = e _, -oo < _ < oo becomes 0 < ( < oo and therefore equation (4.16) is to be solved subject to the asymptotic boundary conditions V --+ 0 as _ ---+ 0, cx_. These conditions should be made more precise for numerical calculation and it can be deduced from (4.16) that the correct decay behaviour is is an eigenvalue set of (4.16) then so is (-¢5,-A,V). Hence we can restrict our attention to positive crossflow parameters and will do so for the remainder of this paper.
Before we solve this eigenvalue problem for the non-zero crossflow cases, let us first note that when there is no crossflow, ¢5= 0 and then (4.14) can be written as We shall first investigate the dependence of the growtta rate on the wavenumber with
16
In Fig.  2(a) we have shown such growth rate curves for a number of 5 values, including the zero-cross flow case 5 = 0. We see that for 5 = 0, the growth rate tends to zero as k --_ 0 and tends to a constant as k --* cx 
It then follows that in general there will be two first order turning points where
But the first mode which we are looking for must correspond to these two first order turning 
The dotted line shown in Fig. 2 We also note that the growth rate curve for 5 = 0 given in Fig. 2(a) is also consistent with those growth rate curves, obtained by Dando and Seddougui (1992) , which emerged as the Math number is gradually increased.
As 5 is increased from zero gradually, we see from Fig.  2(a) show that A = 0(6), as 5 _ oz. Therefore in the large crossflow limit, we can look for the following asymptotic solutions for (4.16) and (4.17):
By substituting (5.3) into (4.16) and (4.17), it is easy to show that A0 and V0 are determined by the eigenvalue problem
We see that this reduced eigenvalue problem is now independent of G and hence the GSrtler vortices in the wavenumber regime (0, ¼) can appropriately be identified as crossflow vortices sincein the large crossflowlimit, their existenceis dictated by the crossflowinstead of by the wall curvatureeffects. The eigenvalueproblem (5.4) can be solvednumerically to determine the dependenceof A0 on the wavenumberk, but we shall not present the corresponding results here since these results merely confirm the large crossflow behaviour of those growth rate curves shown in Fig. 2(b) .
In Figures  3(a, b) , we have shown the dependence of the imaginary part of A on the wavenumber for the same 5 values as those used in Figures  2(a, b) . We can see that Ai > 0 for Ar _> 0, which implies that when Ar = 0, the critical point defined by (5.1) lies in the interval of integration and thus the neutral mode (to be studied in the following section) has a critical layer structure.
In order to see the dependence of the growth rate on the crossflow for fixed wavenumbers, we have shown in Figures  4(a,b) Figures  4(a,b) . Here again we have Ai > 0. In Figures  6(a,b) , we have shown the evolution of the real and imaginary parts of V for fixed values 5 = 0.2, G = 2 as k is increased.
We can see that a critical layer structure is gradually emerging as k is increased towards the neutral value kc_. where A is real and from our previous numerical results we know it is also positive. In the present neutral case, the governing equation (4.16) may be written as trapped near the wall, which give rise to somenumerical difficulties. This is why we have not extended the growth rate curves to the neutral points in Fig. 2 (a) although we have done so in Fig. 2(b) . After having succeededin obtaining the above exact neutral mode solution, we also consideredthe neutral mode eigenvalueproblem formulated, but unsolved,by Bassomand Hall (1991). As remarkedby theseauthors, their equation (2.14b)is just a scaledversion of their equation (4.10c)and it governsthe large wavenumberinviscid neutral mode. It suffices to considertheir equation (4.10c), which can be written as
where _bc = -/3/_. Using the same procedure as that used in obtaining (6.12), we found that (6.13) also has an exact solution, given by (6.14) where A is an arbitrary constant.
The eigenvalue problem associated with (6.13) arises in Bassom and Hall (1991) Figure  7 (a,b) where we have shown two typical growth rate curves corresponding to 6 = 5, 7 and to G' = -2. It can be seen that for 6 > 0 and G < 0, the only unstable wavenumber regime is now (0, k_) with k_ < 1/4, which is even narrower than that for G > 0. This is a result of the crossflow trying to destabilize and the negative resultant curvature trying to stabilize these (crossflow) vortices. It can be deduced from (6.12d), and it is also confirmed by Fig. 7 , that kc_ tends to 1/4 from below as 6 _ _, in contrast to the situation for G > 0 where k_ tends to 1/4 from above as 6 _ oo. 
